Abstract: A gas pressure sensor based on Brillouin scattering in a microscaled fiber is experimentally demonstrated. The microscaled fiber with a diameter of 1.9 μm is drawn from a commercial single-mode fiber. A Brillouin spectrum with multipeak structure is observed due to the coupling between longitudinal and shear acoustic wave caused by strong acoustic index contrast between glass and air. The proposed pressure sensor is based on the fact that the Brillouin peak frequency at ∼8.5 GHz and ∼9 GHz shifts when environment air pressure changes. It exhibits a pressure sensitivity of approximately 0.066 MHz/kPa. This device provides a candidate for gas pressure measurement. We also measure the temperature response of the spectra. It is found that the temperature coefficient is about two times higher than that of the SMF. This phenomenon exhibits potential for simultaneous temperature and pressure sensor.
Introduction
Brillouin scattering is a nonlinear effect caused by the interaction between light and acoustic wave [1] . Thus, the Brillouin frequency shift of an optical fiber can be varied when the propagation constants of optical and acoustic wave are changed by environment. This phenomenon allows the Brillouin scattering of fiber being used for high resolution and long range distributed sensing [2] - [5] . For most conventional Brillouin scattering based sensors, only the longitudinal acoustic quasi-plant wave participates in acousto-optic interaction [6] . Hence, only those measurands which can change the properties of optical or longitudinal acoustic wave can be measured by the sensors such as temperature and strain. This limits the application of conventional Brillouin optical fiber sensors.
It has been shown that in silica rods with very small radius, longitudinal and shear acoustic waves may couple together because of hard glass/air interfaces [6] - [9] . When environment changes, longitudinal and shear acoustic modes may couple in different way, resulting in the group acoustic velocity change, and the Brillouin frequency might be shifted accordingly. In this paper, we present a gas pressure sensor based on Brillouin scattering from hybrid acoustic modes in a micro-scaled fiber (MF) with a waist diameter of about 1.9 μm, drawn from a commercial single-mode fiber (SMF) with a diameter of 125 μm. The Brillouin spectrum appears to be a multi-peak structure between 8 ∼ 11 GHz. It is found that there is a linear dependence on Brillouin frequency and the air pressure for the peaks at 8.5 GHz and 9 GHz with a sensitivity of approximately 0.06 MHz/kPa, and there is almost no influence to the peak at 10.8 GHz, which is the scattering from undrawn SMF. Our experiment also shows that the peaks in the micro-scaled fiber have a different dependence on temperature comparing to normal fibers, providing a candidate for gas pressure measurement as well as potential for distributed simultaneous pressure and temperature measurement.
Brillouin Scattering in the Micro-Scaled Fiber
To characterize the Brillouin spectra from a micro-scaled fiber, a heterodyne detection system is used as shown in Fig. 1 . The wavelength of the distributed feedback (DFB) laser is 1550 nm. The light is split into two parts by a coupler. Twenty percent of the light is amplified by an erbium-doped fiber amplifier (EDFA) and launched into the fiber by a circulator. 80% of it works as local oscillation and interference with back scattered light to achieve Brillouin frequency shift. An electronic frequency spectrograph (ESA) is used to obtain the Brillouin spectrum.
Fiber under test (FUT) is a micro-scaled fiber drawn from a commercial SMF with a diameter of 125 μm using flame-brushing technique [10] , [11] . The measured longitudinal diameter variation of the MF is shown in Fig. 2 . The length of the fiber, including the tapper and the waist section, is about 20 cm. The measured length of the tapered section at the near and far end is approximately 6.5 cm and 3.5 cm respectively and the waist diameter is around 1.9 μm. The measured insertion and transmission loss of the MF is less than 2 dB. Both of the ends of the MF are fixed on translation stages to keep it straight to avoid bending loss.
The Brillouin spectrum of the SMF before and after being drawn to micro-scaled fiber in the air is shown in Fig. 3 . It can be seen that only one main peak at about 10.82 GHz and two sub-peaks above are detected in the SMF. After the far end of the fiber is drawn into ∼2 μm micro-scaled fiber, peak-6 at 10.82 GHz is broadening, and a multi-peak spectrum at 8 GHz -10.8 GHz appears. Therefore, peak-1 to peak-5 in Fig. 3 is from the MF with the tapper section included. Broadening of peak-6 might attribute to the non-uniform diameter of the tapper. And the ununiformity of the MF also gives rise to multiple acoustic and optical modes with obviously different dispersion relations and each mode introduces Brillouin scattering accordingly [6] . In the Brillouin scattering process, the Bragg-scattering condition must be satisfied, which means the acoustic propagation constant is twice the optical propagation constant [12] . Then, the Brillouin frequency can be given by
where n eff , V a , and λ are effective refractive index, velocity of the acoustic wave, and optical wavelength, respectively. When the diameter of the fiber is reduced to 1.9 μm, its optical modes can be described by the modes of a circular-cylindrical strand of silica in air [12] . Then we have the effective refractive index n eff for the LP 01 mode of this micro-fiber is about 1.344. If only longitudinal acoustic wave involves in the nonlinear process, the corresponding Brillouin frequency should be about 10.3 GHz since the velocity of the longitudinal acoustic wave V a in silica is 5970.7 m/s. The down shift of the peaks in MF in the experiment can be explained by the smaller group velocity introduced by the wide frequency space of the hybrid acoustic modes in the Brillouin scattering process. The hybrid acoustic waves are resulted from the coupling between longitudinal and shear components, which propagates in a velocity between V L = 5970.7 m/s for the longitudinal wave and Vs = 3764.8 m/s for the shear wave [6] , [7] . We fix one end of the fiber, and stretch the other end to make a 0.2 mm displacement through the translation stage, resulting in axial stress in the fiber. Since the strain is inversely proportional to the sectional area at the same stretching force, the corresponding axial strain for different parts of the fiber is not equal, which is larger at the waist section for its smaller radius. Table 1 shows the frequency shift for peak-1 to peak-5. Under the same stretching force, the frequency shift of peak-1 and peak-2 is about 50 MHz, which is larger than that of peak-3 to peak-5. It might be explained by the diameter variation along the MF from the tapper to the waist section with these peaks corresponding to different positions of the MF. Peak-1 and peak-2 have the largest frequency shift and hence should be the Brillouin peaks at the waist section of the MF.
Gas Pressure and Temperature Sensing Experiments and Discussion
To obtain the relationship between the Brillouin frequency shift and the air pressure, we fix the FUT and the SMF pigtail into a pressure chamber, and change the pressure in the chamber. The applied gas pressure was changed with a step of 10 kPa, and the pressure was maintained for 5 min at each step. We observe the Brillouin frequency shift of each peak when the pressure changes. Fig. 4 shows the frequency shift of peak-1 and peak-6 which are corresponding to the peak in the waist of the micro-scaled fiber, and the peak in SMF pigtail, respectively. It is indicated that the Brillouin frequency in the waist section is directly proportional to the environment gas pressure, while there is no obvious diversity for the peak in SMF. The measured pressure sensitivity of peak-1 is about 0.066 MHz/kPa. The sensitivity of each peak to the air pressure is shown in Table 2 . From Table 2 , we can see that peak-1 and peak-2 have similar sensitivity to the pressure, while the number decreases to 0.032 MHz/kPa for peak-5. The pressure sensitivity might be attributed to the optical effective refractive index change due to the air-cladding refractive index change C o , and the acoustic velocity change due to the structural deformation of the silica strand C a . This can be described by the following equation, which derives from (1):
First, to estimate the magnitude of C o and C a , we ignore the fractional change in fiber diameter due to the applied pressure. Since the fiber is fixed, the changes in refractive index n and the axial strain introduced by the fiber length due to the pressure applied from the two fiber ends could be ignored. Then, we consider the effective index of the fiber influence by the refractive index change of the air-cladding. According to Edlen equation, the index of refraction of the air n ai r is a function of the pressure P and temperature T as follow.
Therefore, when the room temperature is kept at 25°C, and the air pressure changes by 90 kPa, the refractive index will change by about 2.37 × 10 −4 .The corresponding effective index of LP 01 mode of the waist of the MF is changed by about 1.4 × 10 −5 , resulting in a maximum Brillouin frequency shift of 0.12 MHz which is much smaller than the frequency changed of ∼6 MHz shown in Fig. 4(a) . Therefore, the change in the velocity of acoustic wave might be the main reason for the Brillouin frequency shift when the air pressure changes. In the MF with a diameter close to the wavelength, waveguide boundary conditions induce a strong coupling of shear and longitudinal displacements, resulting in a rich dynamic of light interaction with hybrid acoustic waves [7] , [14] . When the pressure is applied to the MF, the radial and azimuthal strains happen near the fiber surface [15] . Since the diameter of the fiber is very small, the radial displacement introduced by the strain cannot be ignored. It has been theoretically demonstrated that the corresponding acoustic velocity is fiber diameter dependent [7] , [16] , [17] . Thus the fractional displacement introduced by the air pressure might change the velocity of the hybrid acoustic wave and thereby change the Brillouin frequency through light-acoustic interaction.
For simultaneous measurement, we also study the temperature response peak-1 to peak-6 as shown in Fig. 4(b) . It can be seen that both frequency shifts of peak-1 and peak-6 have a linear dependence on temperature and the temperature coefficient of peak-1 is higher than that of peak-6, which are 2.13 MHz/°C and 1.11 MHz/°C respectively. Since the Brillouin peaks of the micro-scaled fiber have different dependence on the surroundings, it suggests a potential for simultaneous temperature and pressure measurement according to
where T = T −T 0 , P = P −P 0 , T 0 and P 0 are the reference temperature and pressure, respectively, is the Brillouin frequency variation, and C P and C T are pressure and temperature coefficient, respectively.
Conclusion
We study the Brillouin spectra from hybrid acoustic modes in a micro-scaled fiber with a waist of 1.9 μm using a 1550 nm detection system. A multi-peak spectrum has been observed. We compare the pressure and the temperature response of the Brillouin peaks of MF and SMF. It is found that the frequency of Brillouin peaks in MF has a linear dependence on pressure while the peak for SMF has no frequency shift when the pressure changes. It is also observed that the frequency shift of the peaks in MF and SMF is directly proportional to the temperature. The pressure and temperature coefficient reaches maximum for the Brillouin peaks in the MF waist. It suggests an alternative for simultaneous measurement of pressure and temperature.
